-Colonic morphology and function change significantly during ontogenesis. In mammals, many colonic physiological functions are temporally controlled by the circadian clock in the colon, which is entrained by the central circadian clock in the suprachiasmatic nuclei (SCN). The aim of this present study was to ascertain when and how the circadian clock in the colon develops during the perinatal period and whether maternal cues and/or the developing pup SCN may influence the ontogenesis of the colonic clock. Daily profiles of clock genes Per1, Per2, Cry1, Cry2, Reverb␣, Bmal1, and Clock expression in the colon underwent significant modifications since embryonic day 20 (E20) through postnatal days (P) 2, 10, 20, and 30 via changes in the mutual phasing among the individual clock gene expression rhythms, their relative phasing to the light-dark regime, and their amplitudes. An adult-like state was achieved around P20. The foster study revealed that during the prenatal period, the maternal circadian phase may partially modulate development of the colonic clock. Postnatally, the absence and/or presence of rhythmic maternal care affected the phasing of the clock gene expression profiles in pups at P10 and P20. A reversal in the colonic clock phase between P10 and P20 occurred in the absence of rhythmic signals from the pup SCN. The data demonstrate ontogenetic maturation of the colonic clock and stress the importance of prenatal and postnatal maternal rhythmic signals for its development. These data may contribute to the understanding of colonic function-related diseases in newborn children. colon; circadian clock; clock gene; ontogenesis; circadian entrainment THE GASTROINTESTINAL TRACT begins functioning immediately after birth with demands to digest, absorb, and secrete water, electrolytes, and nutrients. Concurrently, the gastrointestinal tract also provides a selective barrier against the noxious environment of the gut lumen, which is continuously exposed to a variety of commensal and pathogenic microbes and antigens. During ontogenesis, the gut morphology and function undergo major modifications, which are already apparent during the prenatal period and continue during early postnatal development until weaning (for review, see Ref. 15). The primitive gut tube is established early prenatally, which coincides with the development of the enteric nervous system (3). After the gut tube is fully formed, the epithelium, mesenchyme, and lumen undergo expansion followed by epithelium reorganization. During that period, villi are formed in a rostrocaudal wave along the entire intestinal tract. Later, the spaces between the epithelial folds become populated by cells that represent proliferating compartments of the crypts (11). In rodents, colonic crypts are formed only after birth, and their morphological architecture further develops postnatally. Early postnatally, the immature colon is capable of transporting nutrients, such as carbohydrates and amino acids (1, 18), but this ability rapidly disappears with age. In rats, the colonic transport of macromolecules is terminated by ϳ21 days after birth (29). This mechanism likely compensates for the temporally low capacity of the small intestine for absorbing nutrients (15). During later postnatal development, the intestinal epithelial barrier surface increases, and the paracellular permeability per surface of the intestinal epithelial barrier decreases (13, 27) . In rats, the proportion of myenteric neurons in the colon increases during the first weeks of the postnatal period, which is likely related to the development of colonic spontaneous motility (31). During the suckling and weaning periods, the composition of the diet and the amount of dietary input modulate structural and functional development of the intestine due to a direct effect on genes that determine this structural and functional development (2). These data indicate that intestinal development continues into the postnatal period and is completed during weaning, i.e., the period when profound alterations in the animal's alimentation occur. Whereas the morphology and function of developing colon have been extensively studied, no data are available on the ontogenetic development of the mechanisms that ensure temporal daily regulation of these colonic processes.
reorganization. During that period, villi are formed in a rostrocaudal wave along the entire intestinal tract. Later, the spaces between the epithelial folds become populated by cells that represent proliferating compartments of the crypts (11) . In rodents, colonic crypts are formed only after birth, and their morphological architecture further develops postnatally. Early postnatally, the immature colon is capable of transporting nutrients, such as carbohydrates and amino acids (1, 18) , but this ability rapidly disappears with age. In rats, the colonic transport of macromolecules is terminated by ϳ21 days after birth (29) . This mechanism likely compensates for the temporally low capacity of the small intestine for absorbing nutrients (15) . During later postnatal development, the intestinal epithelial barrier surface increases, and the paracellular permeability per surface of the intestinal epithelial barrier decreases (13, 27) . In rats, the proportion of myenteric neurons in the colon increases during the first weeks of the postnatal period, which is likely related to the development of colonic spontaneous motility (31) . During the suckling and weaning periods, the composition of the diet and the amount of dietary input modulate structural and functional development of the intestine due to a direct effect on genes that determine this structural and functional development (2) . These data indicate that intestinal development continues into the postnatal period and is completed during weaning, i.e., the period when profound alterations in the animal's alimentation occur. Whereas the morphology and function of developing colon have been extensively studied, no data are available on the ontogenetic development of the mechanisms that ensure temporal daily regulation of these colonic processes.
In adult rats, similar to other species, the individual parts of the intestine, including the colon, harbor functional daily clocks (17, 23) , which drive daily rhythms in various colonic functions, including motility (7), permeability (28) , as well as expression of genes coding electrolyte transporters (23, 25) and cell cycle regulators (16, 17) . It is supposed that the principal role of the colonic clock is to ensure that its optimal functional state is achieved in anticipation of the chyme supply, which rhythmically varies during the day and night, according to feeding regime. The clocks generate a rhythmic signal in a cell-autonomous manner, with a circadian (i.e., ϳ1-day) period due to endogenously driven cycles in expression of so-called clock genes. This set of genes, namely Per1, Per2, Cry1, Cry2, Rev-erb␣, Rora, Bmal1, and Clock, is indispensable for clock function (for review, see Ref. 4) . The core mechanism of circadian cycle generation is based on the mutual interaction of the protein products of the clock genes, i.e., the positive and negative elements forming transcriptional-translational feed-back loops switching gene expression on and off with a circadian period. Heterodimers formed of CLOCK and BMAL1 are positive elements that bind the promoters of other clock genes (including Per1, Per2, Cry1, Cry2, and Rev-erb␣) and switch on their expression. PER1, PER2, CRY1, and CRY2 are negative elements that accumulate in the cytoplasm and, with a delay controlled by their posttranslational modifications, are translocated as a heterodimer into the nucleus, where they bind CLOCK-BMAL1 and inhibit their activity. REV-ERB␣ is also a negative element, which binds the promoter of Bmal1 gene and inhibits its transcription. Consequently, the Bmal1 gene is expressed roughly in antiphase relative to other clock genes. Approximately 24 h after the activation of clock gene transcription, the inhibitory PER-CRY complex is degraded, and the cycle starts again as CLOCK-BMAL1 begins to activate gene expression. The colonic clock is entrained by signals emanating from the central circadian clock in the suprachiasmatic nuclei (SCN) in the hypothalamus and by the feeding regime per se (16, 17, 23) . The SCN signal is modulated according to the external light-dark (LD) regime, whereas the signals from the feeding regime are modulated by the SCN and according to the actual food availability. These two signaling pathways then converge on the colonic molecular clock mechanism to properly set its phase. The nature of the signals and mechanism of the clock entrainment have not been recognized. The clock appears to be important for colonic physiological functions because disruption of the colonic clock or its poor synchrony with the LD regime and feeding cycle results in a situation in which the clock genes cannot temporally regulate the expression of physiologically relevant genes, which likely leads to defects in colonic function (6, 28) .
Circadian clocks gradually develop during ontogenesis (for review, see Ref. 27 ). The central SCN clock attains a fully functional stage around the end of the first postnatal week when the synaptic net among the individually oscillating neurons is fully established (24) . At that time, the SCN clock becomes entrainable by external LD regime (9) . Peripheral clocks also develop gradually, and the dynamics of the development is highly tissue-specific (5, 19, 21, 30, 32) . Development of the colonic molecular clock has not been studied. It is also not known whether and how the developing colonic clock is entrained by the maternal feeding regime during the early postnatal period when the pups are fully dependent on maternal breast feeding. Therefore, the aim of the present study was to analyze the rat molecular colonic clockwork at crucial developmental periods, i.e., the fetal stage shortly before birth (20th embryonic day), early after birth when the pup SCN is not fully developed and the pups are completely dependent on the maternal breast-feeding regime (2nd postnatal day), the postnatal stage when the pup SCN is already developed but the pups remain dependent on maternal breast-feeding regime (10th postnatal day), the postnatal stage when the pups are breast fed and begin to consume solid food (20th postnatal day), and finally, the stage when weaning is completed and pup food intake is independent of their mothers (30th postnatal day). Moreover, the contribution of maternal signals to the entrainment of the developing colonic clock was studied. Our hypothesis is that the colonic clock is reset by the maternal feeding regime well before the SCN begins to send its entraining signals to the periphery. Maternal behavior (activity and breast feeding) was manipulated by fostering or the temporal restriction of access to food, which led to its temporal reorganization during the day and night. The results revealed gradual development of the circadian clock in the colon, particularly, via development of the mutual phasing of the individual clock gene expression profiles. Moreover, in support of our hypothesis, the results demonstrated high sensitivity of the developing circadian clock in the colon to maternal behavior. Finally, our data contribute to the understanding of the mechanism of the developmental shift in the circadian phase of the colonic clock during weaning.
MATERIALS AND METHODS

Experimental Animals
Adult male and female Wistar rats (Velaz, Praha, Czech Republic) were maintained at least 4 wk at a temperature of 21 Ϯ 2°C in an alternating LD regime with 12 h of light and 12 h of darkness per day (LD 12:12) with free access to food and water. The lights were turned on at 0600 and turned off at 1800. Light was provided by overhead 40-W fluorescent tubes, and illumination was between 50 and 300 lux, depending on the cage position in the animal room.
All experiments were approved by Animal Care and Use Committee of the Institute of Physiology in agreement with the Animal Protection Law of the Czech Republic, as well as the European Community Council directives 86/609/EEC. All efforts were made to alleviate the suffering of animals.
Experimental Protocol
Ontogenesis of circadian clock gene expression study. Female rats were maintained under LD 12:12 h, as described above, and vaginal smears were collected to determine the day of the estrus when the female rats were mated with males. The female rats were then checked for sperm presence in their vaginal smears and the day when they were found to be sperm-positive was designated as embryonic day 0 (E0). Pregnant rats were maintained individually in cages, and the day of delivery, which was designated postnatal day 0 (P0), was monitored via infrared-sensitive video cameras attached above the cage. Sampling was performed on E20, P2, P10, P20, and P30. The pups remained with their mothers throughout the entire experiment in spite of the fact that around P21, weaning was completed, and thus, the pups sampled at P30 were already feeding themselves independent of their mothers. During the entire experiment, the mothers and pups had free access to food and water. On each day of sampling, pregnant rats or pups with their mothers were released into constant darkness, and sampling was performed in dim red light (Ͻ1 lux). The time of the previous lights-on was designed as circadian time 0 (CT0), and sampling was performed from CT4 until CT24; for clarity of presented data, the value at CT24 was replotted as CT0. On E20, one pregnant rat was killed every 4 h during the 24 h, and colons were collected from three fetuses at each time point. At postnatal ages P2, P10, P20, and P30, the colons were also sampled every 4 h during the 24 h from three pups at each time point. Pups were euthanized by decapitation under deep anesthesia, which occurred within ϳ1-2 min (thiopental injection, 50 mg per kg ip), and the sampling of colons was performed as described below.
Cross-foster study. Male and female rats maintained in LD 12:12 h, as described above, were divided into two groups. The first group remained in the previous LD 12:12 h with lights on from 0600 to 1800, and the second group was transferred into a reversed dark-light cycle (DL 12:12 h) with lights on from 1800 to 0600. The animals of both groups had free access to food and water during the entire experiment. After 4 wk on either LD 12:12 h or DL 12:12 h, vaginal smears of females from both experimental groups were sampled daily to determine the day of estrus when females were mated with males. Days E0 and P0 were determined as described above. Pregnant rats from both groups were individually housed in cages equipped with infrared-sensitive video cameras attached above the cage top to monitor the exact time of delivery. On the day of delivery, entire litters of pups born to mothers in LD 12:12 h were transferred to foster mothers in DL 12:12 h and in parallel, entire litters of pups born to mothers in DL 12:12 h were transferred to foster mothers maintained in LD 12:12 h. Cross-fostering was performed within 12 h of birth (for scheme of the experimental design, see Fig. 1 ). At P10, pups reared by foster mothers in LD 12:12 h and DL 12:12 h were sampled in 4-h intervals during the entire 24-h cycle. During the dark phase, sampling was performed with the aid of dim red light (Ͻ1 lux). The time of the previous lights-on was designed as CT0, and sampling was performed from CT4 to CT24; for clarity of presented data, the value at CT24 was replotted as CT0. The time when pups were sampled was expressed in real clock time to emphasize the actual LD regime, as well as in CT (CT0 corresponded with the time of the previous lights-on). Pups were killed by decapitation under deep anesthesia (thiopental injection, 50 mg per kg ip), and samples of the brain and colon were collected as described below. At each time point, all of the litters were sampled. For analyses of clock gene expression profiles, five pups per each time point were assessed.
Effect of constant light and maternal restricted feeding. Female rats were maintained under LD 12:12 h, mated with males, and days E0 and P1 were designated, as described above. Beginning at E0, pregnant rats were maintained individually in cages and exposed to constant light (LL), so that on E0, the lights were not switched off at 1800 as usual and remained on during the entire experiment. After delivery, the pups were kept with their mothers until the end of the experiment. At P1, the mothers with their pups were divided into two groups. One group of mothers was fed ad libitum, and the other group had temporally restricted access to food (restricted feeding regime, RF), so that the food was present for 6 h per day between 0900 and 1500. Pups born to mothers from both groups were sampled at P10 and P20 every 4 h during 24 h in LL. Five pups per each time point were euthanized, and brains and colons were collected as described below.
Tissue sampling. Immediately after removal, the brains were frozen on dry ice and kept at Ϫ80°C. The brains were sectioned throughout the entire rostrocaudal extent of the SCN into five series of 12-m thick slices in an alternating order. The sections were further processed for in situ hybridization to determine gene expression profiles in the SCN.
Colons of fetuses and pups were dissected from the cecum to the rectum, and the longitudinal piece of the tissue was immersed in RNAlater stabilization reagent (Qiagen, Valencia, CA). All samples were stored at 4°C for no longer than 1 wk prior to the isolation of total RNA and subsequent real-time quantitative RT-PCR (qRT-PCR).
In situ hybridization. The cDNA fragments of rat rPer1 (980 bp; corresponds to nucleotides 581-1561 of the sequence in GenBank with accession no. AB002108), rPer2 (1512 bp; 369 -1881; GenBank NM_031678), rRev-erb␣ (1109 bp; 558 -1666; GenBank BC062047), and rBmal1 (841 bp; 257-1098; GenBank AB012600) were used as templates for in vitro transcription of cRNA probes. Probes were labeled using 35 S-UTP, and in situ hybridizations were performed as previously described (24) . Brain sections were hybridized for 20 h at 60°C. Following a posthybridization wash, the sections were dehydrated in ethanol and dried. Finally, the slides were exposed to BIOMAX MR film (Kodak, Rochester, NY) for 10 -14 days and developed using the ADEFO-MIX-S developer and ADEFOFIX fixer (ADEFO-CHEMIE, Dietzenbach, Germany). Brain sections were processed simultaneously under identical conditions. Autoradiographs of sections were analyzed using an image analysis system (Image Pro, Olympus, New York) to detect the relative optical density (OD) of the specific hybridization signal in the area of the SCN.
RNA isolation and real-time qRT-PCR. Total RNA was extracted from the colon by homogenization with MagnaLyser Green Beads (Roche Diagnostics) (E20 and P2) and sonication (P10, P20, and P30) and subsequently purified using RNeasy mini kit (Qiagen, Valencia, CA), according to the manufacturer's instructions. RNA concentrations were determined by spectrophotometry at 260 nm, and RNA quality was assessed by electrophoresis on a 1.5% agarose gel. Moreover, the integrity of randomly selected samples of total RNA was tested using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).
The qRT-PCR method used to detect the clock genes was described previously (21) . Briefly, 1 g of total RNA was reverse transcribed using the SuperScript VILO cDNA synthesis kit (Invitrogen, Carlsbad, CA) with random primers. The resulting cDNAs were used as templates for qRT-PCR. Diluted cDNA was amplified on LightCycler480 (Roche, Basel, Switzerland) using the Express SYBR GreenER qPCR SuperMix (Invitrogen) and corresponding intronspanning primers (22) . Melting curve analysis was performed at the end of each run to verify specificity. Relative quantification was achieved by generating a dilution curve from a common standard in each run and subsequently normalizing the gene expression to ␤2-microglobulin (B2M), which has been used as a housekeeping gene previously (21) . Its expression was stable throughout the day and did not vary between the analyzed tissues.
Statistical analysis. Gene expression profiles were evaluated by one-way ANOVA followed by a pairwise multiple-comparison test using the Student-Newman-Keuls method with P Ͻ 0.05 required for significance and cosine analysis as well. For cosine analysis, data were fitted with two alternative regression models to differentiate between rhythmic and nonrhythmic expression: either a horizontal straight line (null hypothesis) or a single cosine curve (alternative hypothesis), as defined by the equation Y ϭ mesor ϩ {amplitude· cos[2··(X-acrophase)/wavelength]} with a constant wavelength of 24 h. The extra sum-of-squares F test was used for comparison, and cosine curve parameters were calculated unless the P value exceeded 0.05. The amplitude (i.e., the difference between the peak or trough and the mean value of a cosine curve), acrophase (i.e., the phase angle of the peak of a cosine curve) and coefficient of determination R 2 (i.e., goodness of fit) were compared where applicable. The least-squares Fig. 1 . Scheme of the cross-foster experiment. Pregnant rats at embryonic day E0 through E22 (E0 -E22) were maintained under a light-dark regime with lights on from 0600 to 1800 (LD) or under a reversed regime with lights on from 1800 to 0600 (DL). On the day of delivery (P0), the light-dark regime was either unchanged (LD/LD) or reversed to the opposite regime (LD/DL and DL/LD). At postnatal day 10 (P10), the pups were sampled in regular intervals throughout the 24 h, and daily profiles of clock gene expression were determined. Results for the LD/LD profiles are shown in Fig. 2 and for the LD/DL and DL/LD profiles in Fig. 3 . The light-dark regime is depicted as a combination of open (for light phase) and black (for dark phase) rectangles. Mothers feed their pups mostly during the light phase of the light-dark cycle.
regression method implemented in Prism 6 software (GraphPad, La Jolla, CA) was applied.
To determine the presence or absence of circadian rhythmicity in gene expression profiles, the following criteria were selected: 1) presence of a circadian rhythm: One-way ANOVA revealed significant differences among the levels of gene expression at individual time points (with high and low levels grouped in opposite phases), and at the same time, cosine analysis confirmed that the data significantly fit the cosine curve; 2) presence of a circadian rhythm with an atypical waveform: In some cases, the presence of a circadian rhythm was also considered when one-way ANOVA revealed a significant difference in the level at one out of seven time points, but the data did not fit the cosine curve (e.g., the Per1 and Bmal1 profiles in the colon at P20); 3) presence of a weak circadian rhythm: one-way ANOVA did not reveal significant differences among the levels of gene expression at individual time points, but cosine analysis revealed that the data significantly fit the cosine curve; and 4) absence of a circadian rhythm: one-way ANOVA did not reveal significant differences among the levels of gene expression at individual time points, and cosine analysis did not confirm that the data significantly fit the cosine curve. In addition, the presence of a circadian rhythm was not considered when one-way ANOVA revealed significant differences among the levels as various time points, which were scattered across the 24 h.
For comparison between the acrophases and amplitudes of the rhythmic profiles, one-way ANOVA or two-way ANOVA with the Tukey (for cases in which feeding conditions and postnatal stages were compared) or the Sidak (when only feeding conditions were compared) post hoc multiple-comparison tests were used (Prism 6 software; GraphPad, La Jolla, CA).
RESULTS
Clock Gene Expression Profiles and Their Mutual Phasing Gradually Develop in the Rat Colon
To ascertain how the circadian clock in the colon develops from the prenatal to early postnatal period until weaning, daily profiles of Per1, Per2, Rev-erb␣, Cry1, Bmal1, and Clock mRNA were detected at E20, P2, P10, P20, and P30 ( Fig. 2A) . The data were evaluated by one-way ANOVA and cosine analysis, as described in MATERIALS AND METHODS, and the results of the cosine analysis are summarized in Table 1 .
In the fetal colon at E20, significant circadian rhythms were found for the daily profiles of Per1, Per2, Rev-erb␣, Cry1, and Bmal1 expression (but not Clock) ( Fig. 2A) . However, cosine analysis revealed that acrophases of all of the rhythmic profiles were accumulated close to each other into a narrow interval of the circadian cycle (Fig. 2B) .
After birth at P2, only the Per1, Per2, and Cry1 genes were expressed rhythmically similar to the fetal stage, but Rev-erb␣ and Bmal1 lost their prenatally expressed rhythms; Clock expression remained constitutive ( Fig. 2A) . While the acrophase of Cry1 expression profile did not shift after birth, the circadian rhythms of Per1 and Per2 expression advanced by ϳ3 h compared with the fetal rhythm (Fig. 2B) .
At P10, significant circadian rhythms were revealed for the expression of Per1, Per2, Rev-erb␣, and Bmal1; the daily profiles of Cry1 and Clock expression did not exhibit circadian rhythm ( Fig. 2A) . Compared with the previous developmental stages, the phases of circadian rhythms in clock gene expression shifted remarkably; compared with P2, Per1 advanced by ϳ7 h and Per2 advanced by 4.5 h, and compared with E20, Rev-erb␣ shifted by 11 h and Bmal1 by nearly 10 h. Therefore, at P10, the phases of the circadian expression of clock genes spread across the circadian cycle with Per1 and Per2 peaking during the first half of the subjective day, Bmal1 peaking in the middle, and Rev-erb␣ at the end of the subjective night (Fig. 2B) .
At P20, all studied clock genes with the exception of Clock were expressed rhythmically ( Fig. 2A) . Expression profiles of Per1 and Bmal1 exhibited atypical waveforms with only narrow peaks, and thus, the data did not fit in the cosine curves; however, one-way ANOVA revealed significant differences between the time points (Per1: F 5 ϭ 4.648, P ϭ 0.016; Bmal1: F 5 ϭ 4.687; P ϭ 0.013) (see MATERIALS AND METHODS for circadian rhythm criteria). Compared with P10, the phases of the circadian expression profiles shifted again, so that the phases were almost reversed. Per1 and Per2 were now peaking during the first and second half of the subjective night, respectively, and Cry1 peaked in the middle of the subjective night. The Rev-erb␣ and Bmal1 expression profiles were in an antiphase, peaking at the end of the subjective day and during the second half of the subjective night, respectively (Fig. 2B) .
At P30, only the Rev-erb␣, Cry1, and Bmal1 (and also Clock) expression profiles exhibited circadian rhythms ( Fig.  2A) . The rhythm in the Rev-erb␣ expression peaked during the second half of the subjective day and those in Cry1 and Bmal1 expression peaked during the early subjective day (Fig. 2B) .
From comparison of developmental changes of the individual clock gene expression profiles between E20 and P30, it became apparent that the rhythms underwent remarkable shifting in their phases, moving from a narrow cluster at the fetal stage to a mutual phase at P20 -P30, which is similar to that present in adult rats and generally considered a prerequisite for a functional circadian clock. Apart from phases, the amplitudes of circadian rhythms in individual clock gene expression also changed during development (Fig. 2C) . Although only a partial comparison of the amplitudes at the developmental stages was possible due to the absence of circadian rhythms in the gene expression at some of the studied ages, from the available data, it seems apparent that the amplitudes tended to increase with age, which could specifically be observed for Per2 (one-way ANOVA; F 3 ϭ 5.028; P ϭ 0.003), Rev-erb␣ (one-way ANOVA; F 3 ϭ 56.152; P Ͻ 0.001), and Bmal1 (one-way ANOVA; F 2 ϭ 9.296; P Ͻ 0.001). Moreover, the expression of Clock became rhythmic only at P30.
Effect of Maternal Feeding Behavior on Clock Gene Expression Profiles in the Developing Colon
Because our data demonstrate significant changes in the phases and amplitudes of the circadian rhythms of expression of the studied clock genes in the colon during the developmental periods between E20 and P10 and between P10 and P20-P30 (see previous experiment), the next experiments were aimed at elucidating whether the change in the relative relationship between prenatal conditions and postnatal maternal nurturing would affect the setting of these phases.
Cross-Foster Study
To test whether a reversed maternal behavior and related feeding regime after delivery may affect the phase and amplitude of the circadian clock gene expression profiles in the colon, pups were reared since birth by a foster mother who was entrained to an opposite LD cycle than their own mother, and Per1, Per2, Rev-erb␣, and Bmal1 expression profiles were detected in pups at P10 in the SCN and colon (Fig. 3) . Results from cosinor analysis of the expression profiles are summarized in Table 2 .
In the SCN of 10-day-old pups from both experimental groups, Per1, Per2, Rev-erb␣, and Bmal1 were expressed with high amplitudes, and in the same phases relative to the LD cycle because their acrophases (expressed in CT) did not significantly differ under LD/DL and DL/LD conditions ( Table 2 ).
In the colon of 10-day-old pups, only Per2, Rev-erb␣, and Bmal1 were expressed rhythmically in both experimental groups. Similar to the SCN, acrophases (expressed in CT) of the rhythmic profiles in DL/LD and LD/DL did not significantly differ (Table 2 ). To determine whether the reversed LD cycle and related maternal breast feeding of pups by foster mothers affected the phasing of the circadian clock in the colon at P10, acrophases of the clock gene expression profiles were compared with those determined under conditions when pups were reared by their original mothers and maintained on LD 12:12 h during the entire experiment (LD/LD) (for data see Figs. 2, A and B and 3 ; Tables 1 and 2 ). The acrophase of the A: levels of Per1, Per2, Rev-erb␣, Cry1, Bmal1, and Clock mRNA were determined every 4 h during the day in 20-day-old fetuses (E20) and pups at postnatal days 2 (P2), 10 (P10), 20 (P20), and 30 (P30) under constant darkness conditions. Time is expressed as circadian time (CT); CT0 corresponds to the time of lights-on on the previous LD cycle (for clarity, the gray areas depict the dark phase). Each time point represents the means Ϯ SE of three animals. The data were evaluated by one-way ANOVA (asterisks depict the profiles in which one-way ANOVA revealed significant differences among the time points) and cosinor analysis (significant fits to cosine curves are visualized by cosine curve, whereas nonsignificant fits are straight lines). For other details, especially for definition of the circadian rhythm, see MATERIALS AND METHODS. B: acrophases (Ϯ SE) of the expression rhythms are depicted for each developmental stage (E20, P2, P10, P20, and P30) to compare between the developmental changes in the peaks of the rhythmical clock gene expression profiles as shown in A. For the Per1 and Bmal1 expression profiles at P20, the timing of the peak levels instead of the acrophases is depicted. Time is expressed as circadian time (CT); CT0 corresponds to the time that the lights went on in the previous LD cycle (for clarity, the gray areas depict the dark phase). For better comparison, the data are double-plotted. C: amplitudes (Ϯ SE) of the rhythmical clock gene expression profiles shown in A are depicted for each clock gene (with exception of Clock). The amplitude values are missing for developmental stages in which the profiles did not exhibit circadian rhythms. Significant differences between amplitudes at the individual developmental stages are indicated by an asterisk (*P Ͻ 0.05 and ***P Ͻ 0.001).
Per2 expression profile was at CT10.09 Ϯ 1.05 and CT8.84 Ϯ 0.66 under LD/DL and DL/LD, respectively, but it was at CT4.22 Ϯ 1.31 under LD/LD. The acrophase of the Rev-erb␣ expression profile was at CT3.13 Ϯ 0.95 and CT3.39 Ϯ 0.67 under LD/DL and DL/LD, respectively; however, it was at CT22.70 Ϯ 1.21 under LD/LD. Therefore, the prenatal history of the maternal lighting conditions significantly affected the phasing of the Per2 and Rev-erb␣ expression rhythms in the colon within the first 10 days of postnatal life. In contrast, the phase of the Bmal1 expression rhythm was unaffected because the acrophases were at CT17.85 Ϯ 1.08, CT18.52 Ϯ 0.54, and CT18.58 Ϯ 0.74 under LD/LD, LD/DL, and DL/LD, respectively. From comparison of the amplitudes between all three experimental conditions (for data, see Tables 1 and 2) , it appeared that the amplitude of the Rev-erb␣ rhythms decreased in pups reared by foster mothers (LD/LD vs. DL/LD: one-way ANOVA; F 2 ϭ 9.189; P Ͻ 0.001), while the amplitude of Per2 increased (LD/LD vs. DL/LD: one-way ANOVA; F 2 ϭ 6.245; P ϭ 0.009), and the amplitude of Bmal1 did not significantly change (LD/LD vs. DL/LD vs. LD/DL: one-way ANOVA; F 2 ϭ 1.573; P ϭ 0.143). Thus, the results revealed that the temporal reversal of Acro, acrophase in circadian time (CT); Amp., amplitude; R 2 , coefficient of determination; E20, 20-day-old embryos; P2, 2-day-old pups; P10, 10-day-old pups; P20, 20-day-old pups; P30, 30-day-old pups. Fig. 3 . The effect of cross fostering on the daily profiles of clock gene expression in the pup SCN and colon. The Per1, Per2, Reverb␣, and Bmal1 expression profiles were determined in the SCN and colons of 10-day-old pups reared by a foster mother maintained in an opposing light-dark regime compared with their real mother. LD/DL, pups born to mothers entrained to LD and reared since birth by foster mothers entrained to DL; DL/LD, pups born to mothers entrained to DL and reared since birth by foster mothers entrained to LD. For the experimental scheme, please see Fig. 1 and MATERIALS AND METHODS. Time is expressed in real time (h) and circadian time (CT); CT0 corresponds to the time that the lights went on in the previous LD cycle; the gray areas depict the dark phase. Each time point represents the means Ϯ SE from five animals. The data were evaluated by cosinor analysis, and significant fits to cosine curves are visualized by a cosine curve, whereas nonsignificant fits are straight lines. maternal care and a LD cycle during the first 10 days after birth affected the phasing of the Per2 and Rev-erb␣ expression rhythms in the colon, but not in the SCN.
Maternal Restricted Feeding Study
To distinguish between the contribution of signaling from the maternal feeding regime and signaling from the developing pup's SCN to postnatal colonic clock entrainment, the clock gene expression profiles were studied at P10 and P20 in the SCN and colons of pups born to mothers maintained under LL since the beginning of their pregnancy and then since delivery, fed ad libitum or exposed to RF. The results from cosinor analysis of the clock gene expression profiles are summarized in Tables 3 and 4 .
In pup SCN, exposure to LL reduced rhythmicity in Per2, Rev-erb␣, and Bmal1 expression in a gene-and age-dependent manner ( Fig. 4A and Table 3 ). In 10-day-old pups whose mothers were fed ad libitum, only Rev-erb␣ gene expression was rhythmic with a low amplitude, whereas the Per2 and Bmal1 expression profiles did not exhibit circadian rhythms. At P20, none of the studied clock genes was expressed rhythmically. In pups whose mothers were exposed to RF, lowamplitude rhythms in Per2 and Rev-erb␣ expression were present at P10, and only a very low-amplitude rhythm was present for Bmal1 at P20. The acrophase of Rev-erb␣ expression was not significantly affected by maternal RF. Therefore, imposing the circadian rhythm on maternal behavior by RF weakly affected Per2 gene expression in the SCN at P10, and the effect was lost at P20. The pup SCN was, thus, likely unable to produce a rhythmic signal.
In the colon of pups at P10, exposure to LL did not abolish the rhythms in the expression of Per1, Rev-erb␣, and Bmal1, whereas Per2 was not expressed rhythmically ( Fig. 4B and Table 4 ). However, in contrast with the colonic clock gene expression rhythms in pups of the same age maintained under LD 12:12 h (see Fig. 2B , Table 1 ), rhythms in Per1, Rev-erb␣, and Bmal1 were all about in the same phase in pups maintained under LL, because their acrophases did not significantly differ (one-way ANOVA; F 2 ϭ 0.553; P ϭ 0.577). Similarly, in pups maintained in LL and sampled at P20 (Fig. 4B and Table 4 ), the acrophases of the rhythmic Per2, Rev-erb␣, and Bmal1 profiles were all in about the same phase and did not significantly differ among each other (one-way ANOVA; F 2 ϭ 0.647; P ϭ 0.526). The Per1 was not expressed rhythmically ( Fig. 4B and Table 4 ).
The exposure of mothers maintained in LL to RF since delivery affected the colonic expression profiles in a gene-and age-dependent manner. At P10, all studied clock genes were rhythmically expressed (Fig. 4B and Table 4 ) and were phase shifted relative to the profiles in pups born to mothers fed ad libitum because the acrophases significantly differed between both groups (two-way ANOVA; Per1: P Ͻ 0.001; Rev-erb␣: P ϭ 0.007; Bmal1: P Ͻ 0.0001). Moreover, under RF conditions, the Rev-erb␣ and Bmal1 profiles were mutually in antiphase (two-way ANOVA; P Ͻ 0.001), which was in contrast with the situation in which mothers were fed ad libitum. At P20, all studied clock gene expression profiles were rhythmic under RF conditions similar to the situation at P10 (Fig. 4B and Table 4 ). The Rev-erb␣ expression rhythm was phase shifted compared with the profile under ad libitum conditions (two-way ANOVA; Rev-erb␣: P Ͻ 0.0001), but the Per2 and Bmal1 expression rhythm was in approximately the same phase (two-way ANOVA; Per2: P ϭ 0.146 and Bmal1: P ϭ 0.999). At P20, Rev-erb␣ and Bmal1 profiles were mutually in antiphase (two-way ANOVA, P Ͻ 0.001). Acro (acrophase) in real clock time (h) and CT. Amp, amplitude; R 2 , coefficient of determination); LD/DL pups born to mothers were maintained on 12:12-h light-dark cycle and raised since birth by foster mothers on DL12:12. DL/LD pups born to mothers were maintained on 12:12-h dark-light cycle and raised since birth by foster mothers on LD12:12.
Under ad libitum and RF conditions, the amplitudes of the rhythms in expression of the studied clock genes increased between P10 and P20 (for data, see Table 4 ). Specifically, under ad libitum conditions, the increase was significant for Bmal1 expression (two-way ANOVA; P Ͻ 0.05) and under RF, it was significant for Rev-erb␣ and Bmal1 (two-way ANOVA; both P Ͻ 0.001). Moreover, the amplitude of Reverb␣ expression rhythm was significantly higher under RF than ad libitum conditions at P20 (two-way ANOVA; Rev-erb␣: P Ͻ 0.05).
From a comparison of the effects of maternal RF on SCN and colons, it appears that the maternal RF was able to synchronize and entrain the clock in pup colons independent of their SCN clock.
DISCUSSION
The results of this study provide a detailed analysis of the development of the rat colonic circadian clock from the prenatal period until the end of weaning. This study aimed to detect the developmental period for when the Per1, Per2, Rev-erb␣, Cry1, Bmal1, and Clock gene expression profiles attained circadian rhythmicity and when the rhythms became mutually properly phased, ensuring the functional molecular clockwork. The detection of a circadian rhythm, particularly that with a low amplitude, is highly dependent on the methodology used. We hypothesized that during early developmental stages, the 24-h profiles of clock gene expression may exhibit rhythms with atypical waveforms, which may not fit the ideal cosine curve. Therefore, we used the following criteria for assessment of the circadian rhythm: 1) the mRNA levels detected during the 24-h period have to fit a cosine curve or 2) the levels have to statistically differ (by ANOVA), but no more than one peak level has to be detected during the 24-h cycle. A significant, but low-amplitude, rhythm was considered if the data significantly fitted the cosine curve, but the mRNA levels were not statistically different.
Using these criteria, we demonstrated that circadian rhythms in individual clock gene expression were already detectable in the colons of 20-day-old embryos. The amplitudes of the rhythms were rather low with the exception of Rev-erb␣, which was expressed with the highest amplitude relative to other clock genes studied. This finding was in accordance with our previous study on the ontogenesis of the clock in the rat liver (21) , in which Rev-erb␣ was also found to be rhythmically expressed at E20. However, in the previous study, we used different criteria for detecting the circadian rhythm and, therefore, the results are not quite comparable. Nevertheless, it appears that Rev-erb␣ is regulated in a circadian manner in rat embryonic peripheral clocks in the liver and colon. Per1 and Per2 were found to be expressed with lower but still reasonably high amplitudes in embryonic colons, whereas the Cry1 and Bmal1 expression rhythms exhibited only low amplitudes; Clock gene was not expressed rhythmically. The presence of the circadian rhythmicity in most of the canonical clock genes at E20 might suggest that a functional circadian clock already operates before birth in the colon. However, it appears that the peaks of all of the individual clock gene expression rhythms are set to a narrow temporal window during the 24-h cycle, i.e., at the beginning of the subjective night. As mentioned in the introduction, the current model of the molecular clockwork predicts that the expression of individual clock genes attains a gene-specific phase, and Bmal1 and Rev-erb␣ are regulated in The 10-day-old pups (P10) and 20-day-old pups (P20) were born to mothers that were maintained under constant light since the beginning of their gestation and fed ad libitum (AL) or exposed to restricted feeding (RF) since delivery. The 10-day-old pups (P10) and 20-day-old pups (P20) were born to mothers that were maintained under constant light since the beginning of their gestation and fed AL or exposed to RF since delivery.
an antiphase (20) . Thus, the phasing of all studied clock gene expression rhythms at the same time of day may reflect a situation in which fetal clock gene expression is directly induced and driven by rhythmical signal from their mother. A hypothetical maternal signal would need to be able to induce a signaling pathway that activates the promoters of all of the above-mentioned rhythmic clock genes. According to this hypothesis, the embryonic clock would be a slave oscillator driven by rhythmical maternal cues, rather than an autonomous clock. However, an alternative explanation cannot be completely ruled out, which is that the individual cellular clocks in the embryonic colon are functional but mutually desynchronized, which leads to the detection of low-amplitude rhythms at the cell population level, as was the case in this study. Nevertheless, the latter explanation does not appear to be supported by our data because the amplitudes of clock gene expression rhythms at E20 were not significantly lower than those at P10 or P20, when a proper mutual phase relationship among the clock gene expression profiles had been established. Altogether, the finding that in the embryonic colon, the clock gene expression rhythms are set to the same phase suggests that the rhythms are likely maternally cue-driven.
After birth at P2, only the Per1, Per2, and Cry1 from all the studied genes were found to be rhythmically expressed. In this period, the pup colon is devoid of the rhythmical cues delivered from the maternal milieu. Instead, it is exposed to a rhythmic supply of maternal milk, which may likely entrain, but apparently not induce, rhythmicity. This might be the reason why at P2, the amplitudes of some of the clock gene expression rhythms disappeared for some genes. At P10, significant rhythmicity was again detectable for Per1, Per2, Reverb␣, and Bmal1, the rhythm was suggested for Cry1 and was not present for Clock. Importantly, at this developmental stage, the individual clock gene rhythms peaked at different phases during the 24-h cycle, suggesting that a functional colonic clock may already begin to operate and/or the maternal breast-feeding regime is able to entrain the clock. In general, compared with earlier developmental stages, the Per1 and Per2 gene expression rhythms advanced to the first half of the subjective day and Rev-erb␣ and Bmal1 delayed to the second part of the subjective night at P10. Nevertheless, at P10, the timing of the peaks and their mutual phasing did not completely correspond to the adult colonic clock, in which the Rev-erb␣ and Bmal1 were expressed in an antiphase (22, 23) . At P20, all studied genes with the exception of Clock were expressed rhythmically, although Per1 and Bmal1 with rather atypical waveforms. The phases of Per2 and Rev-erb␣, i.e., genes that exhibited highly significant rhythms at P20, were completely phase-reversed compared with P10. At this developmental stage, the pups are already sighted and exhibit nocturnal behavioral activity, which is driven by their SCN (reviewed in Ref. 27 ). In addition to daytime breast feeding, they may begin to consume solid food during the nighttime. The phase reversal of the Per2 and Rev-erb␣ expression profiles might suggest that their nocturnal feeding becomes a stronger entraining cue for the colon than the maternal breast feeding at this stage. Finally, at P30, Rev-erb␣ and Bmal1 exhibited high-amplitude rhythms, Cry1 and Clock had low-amplitude rhythms, and Per1 and Per2 were not expressed rhythmically. Importantly, at this developmental stage, the phasing of the clock genes in the colon well corresponded to that in adults (22, 23) , reflecting the fact that at this stage, the weaning is completed and the colon is solely entrained by the nocturnal feeding regime. In addition, the amplitudes of the Rev-erb␣ and Bmal1 expression rhythms at P30 were higher compared with the earlier developmental stages, suggesting that colonic circadian clock is fully matured at P30. In summary, these data point to a switch of the relative strengths of the entraining cues for the developing colonic clock, i.e., maternal breast feeding vs. pups feeding on solid food.
To ascertain the significance of the rhythmical maternal milieu during the fetal stage for development of the colonic clock after birth, the pups were reared by foster mothers, which were entrained to reversed LD regime compared with their own mothers. This paradigm resulted in an opposite breast-feeding regime and allowed us to test whether prenatal history plays a role in the postnatal phasing of expression profiles during the period when the colonic clock is predominantly entrained by the maternal breast-feeding regime. The phase reversal of the LD cycle performed prenatally (DL/LD) and postnatally (LD/ DL) had the same effect on the SCN and colonic profiles in 10-day-old pups, which provided relevant dual control of the experimental conditions. In accordance with previous data for pups at P10 (8, 24) , the SCN exhibited significant and highamplitude rhythms in the expression of the studied clock genes, which were already fully entrained by the external LD cycle, and thus, their phases corresponded to those in adult animals (14, 23) . In the colons of 10-day-old fostered pups, Per2, Rev-erb␣, and Bmal1 were expressed rhythmically, although the amplitude of Per2 expression rhythms was very low, and no rhythm in Per1 expression was detected. The fostering selectively affected phasing of Per2 and Rev-erb␣, which differed by ϳ4 -6 h compared with the nonfostering conditions (LD/LD group; see above). Interestingly, for both groups of fostered pups (LD/DL and DL/LD), an antiphase relationship between Rev-erb␣ and Bmal1 was already established, which was not yet the case for 10-day-old pups reared by their own mothers maintained in the same LD cycle throughout gestation and breast feeding. The earlier establishment of the Rev-erb␣ and Bmal1 antiphase expression profiles for fostered pups was due to the fact that whereas the Bmal1 gene remained phaselocked with the subjective midnight, irrespective of the experimental conditions, the Rev-erb␣ expression profile phasedelayed by about 4 h into the early subjective day due to fostering. Thus, the data unexpectedly suggest that the manipulation of the timing of breast feeding in nocturnal animals might affect entrainment of the developing clock. The fact that the experimental conditions in which fostered and nonfostered pups were reared differed only in the relative prenatal setting of the clock gene expression profiles with the postnatal LD cycle and breast feeding raises the question of whether the aforementioned differences in the phasing of Per2 and Rev-erb␣ between both experimental conditions may suggest a significant role for the prenatal setting of the rhythms for their postnatal development. Importantly, from the comparison of the clock gene expression profiles in the colon and SCN of 10-day-old pups, it appeared that these profiles were in the same phase. In contrast, in adults, the phase of the colonic clock significantly lags behind the SCN [compare results of this experiment for P10 and data from (22) for adults], similar to the phases of other peripheral clocks (10, 21, 26) . The remarkable finding of the simultaneous phasing of the central and colonic clocks supports the hypothesis that by P10, the colonic clock is still entrained by maternal behavior and related feeding regime rather than signaling from the pup SCN, which would otherwise set a phase-delayed rhythm.
To abolish the role of the pup SCN in the entrainment of the developing colonic clock completely, the mothers and their pups were maintained in LL. Previous data demonstrated that prolonged exposure to LL disrupts the synchrony among the SCN oscillatory neurons and, consequently, the ability of the SCN to generate a coherent circadian signal and drive output rhythms (13) . We have shown that the maintenance of pregnant rats on LL during the entire gestation period leads to a situation in which the maternal SCN clock is unable to synchronize the fetal SCN (12) . As a consequence, the profiles of individually desynchronized and likely arrhythmic fetal SCN clocks did not exhibit circadian rhythms. In accordance with this finding, no oscillations or only faint oscillations in clock gene expression were detected in the SCN of pups at P10 and P20, which was, thus, likely unable to drive the colonic clock. Imposing a RF after delivery to mothers maintained in LL affected the pup SCN profiles only slightly at P10, and no effect was present at P20. The maternal RF during breast feeding, thus, appeared to be a weak or ineffective entraining cue for the pup SCN. In colons of pups reared by ad libitum-fed mothers in LL, Reverb␣, and Bmal1 expression retained circadian rhythmicity, but they both peaked at the same phase. Imposing the RF to mothers shifted the Rev-erb␣ and Bmal1 rhythms in the pup colons, so that they were expressed in an antiphase, suggesting a functional clock. Thus, whereas the breast feeding was unable to synchronize the SCN, it was a strong entraining signal for the colonic clock. The antiphase relationship was preserved at both ages, despite the fact that the clock gene expression rhythms phase reversed between P10 and P20, which was similar to the case in which pups were reared by mothers maintained in LD and fed ad libitum. Importantly, in this experiment, the age-related phase reversal between P10 and P20 occurred in pups without functional SCN due to prolonged exposure to LL. Thus, the developmental phase shift of the colonic clock observed between P10 and P20 appears to be independent of signaling from pup SCN. It would be interesting to compare our data obtained in rats with other species; however, to our knowledge, no such data are available.
In conclusion, our data demonstrate for the first time the ontogenetic maturation of the colonic circadian clock from the fetal stage until weaning. Our findings also suggest a molecular mechanism for how the clock is entrained by maternal breast feeding and propose a SCN-independent developmental switch for the colonic clock from a maternal-dependent to maternalindependent stage. Information about when and how the clock in the colon begins to operate as a functional circadian clock is important because it may advance our understanding of the basis of dysmotility syndromes, particularly constipation, which are major problems encountered in preterm newborns or children with obstructive syndromes. Therapies aimed at manipulation of the temporal organization of the feeding regime in children may offer a new noninvasive chronotherapeutical approach for treating the syndromes.
